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Abstract Urban areas are understood to be extraordinarily
spatially heterogeneous. Spatial heterogeneity, and its causes,
consequences, and changes, are central to ecological science.
The social sciences and urban design and planning professions
also include spatial heterogeneity as a key concern. However,
urban ecology, as a pursuit that integrates across these disci-
plines, lacks a theoretical framework that synthesizes the di-
verse and important aspects of heterogeneity. This paper pre-
sents the concept of dynamic heterogeneity as a tool to explore
how social and ecological heterogeneities interact and how
they together act as both an outcome of past interactions and
a driver future heterogeneity and system functions. To accom-
plish this goal, we relate heterogeneity to the fundamental con-
cept of the human ecosystem. The human ecosystem concept
identifies key processes that require operationalized models of
dynamic heterogeneity in three process realms: the flow of ma-
terials, the assembly of urban ecosystem biota, and the location-
al choices humans make concerning land. We exemplify a spe-
cific dynamic model of heterogeneity in each of these realms,
and indicate a range of complementary statistical approaches to
integrate the drivers and outcomes of dynamic heterogeneity
across the three realms.We synthesize a hierarchical framework
for a theory of dynamic urban heterogeneity, noting its comple-
mentarity to other major urban theories and general model ap-
proaches. We hypothesize that human actions and structures
amplify the dynamics of heterogeneity in urban systems.
Keywords Community assembly . Interdisciplinary .
Locational choice . Spatial heterogeneity . Theory . Urban
ecology . Ecosystem .Watershed
Introduction
There are many ways to conceive of cities and urban ecosys-
tems (Marcotullio and Solecki 2013). An important one is as
spatially heterogeneous and temporally dynamic mosaics
(Pickett et al. 1997; Dow 2000; Pickett and Cadenasso 2008;
McGrath and Shane 2012; Qureshi et al. 2014; Grove et al.
2015). Both pattern and process in suchmosaics are of interest
(Liu et al. 2007; Stevenson 2011), as emphasized by the term
dynamic heterogeneity. The biophysical and social heteroge-
neity of urban systems can take many forms. From a biolog-
ical ecosystem perspective, heterogeneity can appear in cities
as the differential distribution of vegetation structure, as
hotspots and dead zones of nutrient and organic matter
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processing, as patches of high versus low soil organic matter,
or as the distribution of leaf litter and coarse woody debris in
streams and drainage infrastructure, for example.
Heterogeneity in the physical environment appears in such
conditions as cooler and warmer zones of air and surface tem-
peratures, or as locations of high atmospheric advection and
contamination. In the biota, heterogeneity exists as different
levels of species richness, as differential functions of intro-
duced species, and as sources or sinks of disease organisms
and their vectors, for example. Although this list of examples
is long, it does not exhaust the kinds of bioecological hetero-
geneity that can exist in urban systems. Such heterogeneity in
the biota and the physical environment is fundamental to gen-
eral ecological theory (Scheiner and Willig 2011). In fact, five
of the eight fundamental principles of ecology articulated by
Scheiner andWillig (2011) specifically mention heterogeneity
or centrally involve heterogeneity of pattern and process.
The heterogeneity of urban areas is also of interest from the
perspectives of social sciences, urban design and planning,
and policy and management (Dow 2000; Forman 2008;
McGrath and Shane 2012). Social-economic heterogeneity is
expressed in such things as zoning regulations, neighborhood
identities, housing prices, patterns of investment in green ver-
sus grey infrastructure, and in tourist guide books. It is em-
bedded in warnings about where to go and where to avoid, and
where to seek the various amenities that people desire in urban
systems. Importantly, we do not endorse Bspatial
determinism,^ in which social outcomes are explained solely
by place, as exemplified by the classic Chicago School (Grove
et al. 2015). Rather, we acknowledge that social and environ-
mental relationships and the feedback between them are dif-
ferentially distributed in space. Indeed, Bspace^ in urban sys-
tems is clearly as much a social product as it is a locational
description (Thierstein and Förster 2008).
There are various principles that employ urban heterogene-
ity in theory and in practice (Muth 1969; Zipperer et al. 2000;
Band et al. 2005; Shane 2005; Jenerette et al. 2006; Pickett
and Cadenasso 2008; Irwin 2010; Roy Chowdhury et al.
2011; Swan et al. 2011; Cadenasso 2013). However, in our
pursuit of integrative tools for social-ecological, long-term
research, we have been hampered by the lack of a clear theo-
retical framework of dynamic heterogeneity that can facilitate
communication across disciplines and can encourage melding
of social and ecological perspectives and approaches.
Therefore, in this paper we articulate a theoretical framework
of urban ecology that addresses dynamic heterogeneity. Our
view of urban ecology implies an integration with social sci-
ences, and our view of heterogeneity encompasses both space
and time, patterns and processes.
Other inclusive theories of urban systems exist, though
none has been embraced as predominant or comprehensive
of all factors of interest (Box 1; Batty 2013; Brenner 2014b;
McHale et al. 2015). We do not propose heterogeneity theory
as a replacement for those theories. All can contribute to a
complete understanding of urban systems. However, those
additional theories are beyond the scope of this paper.
Box 1: Other inclusive urban theories. The urban phenom-
ena to be explained are many and diverse. The list is not
exhaustive.
• The historical origin of cities some 5000 years ago in the Middle East
(Reader 2004; Forman 2008).
• Contrasts in form or metabolism of urban systems compared to other
ecosystems (Olson 1982; Gandy 2004; Heynen et al. 2006).
• Changing characteristics of cities with increasing size (Zipperer et al.
2000; Forman 2008; Bettencourt and West 2010).
• Political ecology (Bryant 1992; Robbins 2004).
• The role of cities and urban systems in an intensifying global network
(Zipperer et al. 2000; Seto et al. 2012; Boone et al. 2014).
• Local-regional urban gradients and global change (Grimm et al. 2008).
• The continuum of urbanity (Boone et al. 2014).
• Urban economic models (Mills 1967; Arnott and Lewis 1979; Capozza
and Helsley 1989).
Plan of this paper
This paper develops the concept of dynamic heterogeneity
using the following scheme. First, we acknowledge that con-
cern with heterogeneity in the urban realm is relevant because
of the growing importance of city, suburban, and exurban
(CSE) systems, along with their regional and global connec-
tions (Boone et al. 2014; Brenner 2014a). We then focus on
the key insight that dynamic heterogeneity is important both
as a driver and an outcome of biophysical and social urban
processes. Heterogeneity in one feature of a CSE can act as a
driver by interacting with temporal changes, pulsed events, or
other patterns of heterogeneity to generate new spatial tem-
plates of heterogeneity – that is, heterogeneity as outcome. As
driver and outcome, dynamic heterogeneity mediates between
the social and the biological in CSE systems. We then apply
the concept of dynamic heterogeneity to urban systems and
present a hierarchical structure of a general theory of urban
heterogeneity. The hierarchy uses an inclusive theory that has
a general principle – that urban systems are organized as spa-
tially differentiated, functionally significant mosaics. This
general theory encompasses more focused, middle-level the-
ories that are intended to represent the full range of processes
and patterns that contribute to the higher level, general theory.
Middle level theories themselves encompass a variety of more
specific and mechanistic models of urban pattern and process
that can be tested or applied in specific situations. The articu-
lation of expectations and hypotheses representing middle-
level theories and the integration among middle- and lower-
level theories is an important frontier for urban ecology.
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Defining dynamic urban heterogeneity
The spatial relevance of dynamic heterogeneity is broad be-
cause urban systems consist of CSEs and because they are parts
of regionally and globally connected systems (Schmid 2014).
Heterogeneity can appear at all spatial scales that occur within
CSEs, as well as across urban agglomerations and
megaregional networks (Harrison and Hoyler 2014).
However, urban heterogeneity is not stationary in time
(McGrath and Shane 2012). Rather, human and natural process-
es and the interaction between them are dynamic (Alberti
2008). Therefore, spatial heterogeneity is as much about time
and processes as it is about spatial structure, a feature empha-
sized by the phrase Bdynamic heterogeneity.^ This sketch of an
inclusive theory of dynamic heterogeneity is part of a long and
broad tradition concerning the spatial structure of urban systems
(Burgess 1925; Gottdiener and Hutchison 2011). It reflects one
of the classic definitions of urban systems as contrasted with
socially more homogeneous villages (Wirth 1945). Urban het-
erogeneity has motivated those interested in immigration
(Taubenbock et al. 2014), social justice (Bryant 1995), urban
planning (Sukopp and Weiler 1988), political power (Raleigh
2014), lifestyle identity (Grove et al. 2003), and indeed, many
other topics. The social production of space (Lefebvre 1991),
the patchy reinvention of cities and their enclaves over time
(Shane 2005; McGrath and Shane 2012), and the recognition
of fine scale social dynamics (Jacobs 1961) are examples of
concern with dynamic heterogeneity beyond ecology.
Ecology has likewise had an important research focus on the
dynamics of spatial heterogeneity. Population ecology, where
the evolutionary significance of spatial difference within pop-
ulations is clear (Levins 1968), perhaps began modern
ecology’s concern with heterogeneity. This continued through
spatialization of community ecology via dispersal and
metacommunity concerns (Chesson and Chase 1986), and on
to the invention of landscape ecology as a disciplinary home for
studies of heterogeneity (Forman 1981). Similarly, ecosystem
ecology has come to acknowledge that both the heterogeneity
represented by species and by spatial patchiness are significant
for ecosystem functioning (Jones and Lawton 1995; Leibold
et al. 2004; Band et al. 2005; Pickett and Cadenasso 2013).
Heterogeneity is more than mere pattern. It is dynamic, and
so can act as both a driver and outcome (Wiens 2000) of
biophysical processes, social processes, and the intertwining
of those social-biophysical processes. A given heterogeneous
array is an outcome of prior states of heterogeneity, which is
why we label the initial observation of dynamics as t1.
Changes in that initial state of heterogeneity result from the
effect of processes both within and from outside that array.
That outcome can act as a driver of future system states be-
cause it interacts with additional processes or events. This
interaction of heterogeneity with processes and events at a
given time sets up heterogeneity at subsequent times, which
is what it means to act as both a driver and an outcome
(Fig. 1a). Because heterogeneity can be both a driver and an
outcome, it is a particularly important focus for theory in com-
plex systems (Cadenasso et al. 2006; McGrath and Shane
2012; Batty 2013), such as urban areas. Indeed, patchy distri-
butions of resources, organisms, and processes are an outcome
and driver of ecological change in all ecosystems. However,
the presence of humans as a fundamental component of urban
ecosystems amplifies dynamic heterogeneity compared to less
human-dominated systems. We therefore argue that Bdynamic
heterogeneity^ is a strong conceptual framework for long-
term research in urban ecosystems that 1) integrates across
ecosystem components, 2) allows us to develop predictions
and general ecological questions that link processes and ob-
servations across levels of organization and temporal and spa-
tial scales, and 3) develops predictive models.
An example of emerging dynamic heterogeneity
Feedbacks between and among ecological processes flow
through filters of spatial heterogeneity (Wiens 2000). These
feedbacks also construct new patterns of heterogeneity that
can affect subsequent interactions (Pickett et al. 2000). An ex-
ample might be the existence of a spatially heterogeneous pat-
tern of forest trees, including ash trees (Fraxinus spp.; Fig. 1b).
As the introduced emerald ash borer (Agrilus planipennis) in-
vades and kills ash trees in North American cities (Jones and
McDermott 2015), a new pattern of heterogeneity is generated
– the distribution of forest canopy gaps created by ash mortal-
ity. Of course the actual mortality of ash trees in time and space
is conditioned by such things as preemptive cutting of ash trees
by people, or by decisions to protect particularly valued ash
trees through extraordinary actions (Fig. 1b; Jennings et al.
2015; Jones andMcDermott 2015). Such conservative or adap-
tive actions are patchy and differentially distributed across a
CSE mosaic. The subsequent heterogeneity of the forest is
affected by natural succession or by compensatory planting of
different tree species by forest managers. This emerging Bash
spiral^ of interacting heterogeneities with natural and socially
driven events is now underway in many urban areas in the
eastern U.S. Thus, the interactions between different elements
of heterogeneity are key mechanisms of urban dynamics. Of
course, urban dynamics are also affected by social and biophys-
ical structures and fluxes from outside their boundaries, or
which operate on very long time frames in which the urban
system is embedded (Olson 1982; Seto et al. 2012).
The human ecosystem: A foundation for dynamic
heterogeneity
The classical ecosystem concept focuses on two compo-
nents – biota and physical environments – and their
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interactions. In contrast, urban ecosystem models must add
two additional kinds of components: a social complex, and a
built complex, along with their interactions (Fig. 2; Cadenasso
and Pickett 2008; Pickett and Grove 2009). All four of these
components constitute a human ecosystem. Indeed, human
ecosystems are biotic, physical, social, and built hybrids.
Therefore to develop models of the human ecosystem all four
components must be represented, as exemplified in the emer-
ald ash borer spiral above (Fig. 1b).
All four components of human ecosystems (Fig. 2) can be
heterogeneous. The role of heterogeneity in the functioning of
biologically focused models of ecosystems is widely recog-
nized (Hutchings et al. 2000; Lovett et al. 2005; Scheiner and
Willig 2011). The human ecosystem concept suggests that
heterogeneity also involves human decision-making process-
es and the buildings and infrastructure that result from these
decisions (Fig. 2). The heterogeneous control of ecosystem
structure and function (Shaver et al. 2007; Pickett and
Cadenasso 2013) is an important general reserach question
in ecology. To understand how heterogeneity influences the
interaction among ecosystem components, we employ three
broad process realms that structure ecosystems: 1) critical
ecosystem fluxes, including their controls, pools, and transfor-
mations (Likens 1992); 2) the assembly of biological poten-
tial, that is, what organisms are present, their traits, community
dynamics and spatial arrangement, and what influences their
distribution (Chapin et al. 2011); and 3) the structures people
build, the technologies they employ, their cultural contexts,
and the decisions they make (Spirn 1984; Berry 1990; Smith
and Stirling 2010). The flows of matter and energy, the assem-
bly and biogeochemical potential of the biota, and human
choices all interact reciprocally. The three process realms fo-
cus on entities and phenomena that hybridize the four compo-
nents of the human ecosystem. All likewise interact with spa-
tial heterogeneity through time so that pattern and processes
are addressed. Material flows, biotic differentials, and human
decisions are broad processes that all landscapes share
(McDonnell and Pickett 1993). Therefore, these three realms
are fundamental to understanding any ecosystem that includes
people, their artifacts, or their effects. These three realms in-
tegrate across the components of the human ecosystem, and
allow for examination of dynamic heterogeneity. While the
process realms can be viewed through the familiar lens of
pattern and process, the dynamic heterogeneity approach
Fig. 1 Top: A general model template illustrating how dynamic spatial
heterogeneity can be both a driver and an outcome, mediated by human
perceptions and interventions. Although considering heterogeneity to be
both driver and outcome may seem circular, this representation explains
why that is not the case. Causation has a temporal dimension that
separates the status as outcomes and driver, and acknowledges the role
of both natural processes and human perceptions and consequent
interventions between those two states. Bottom: A hypothetical scenario
of dynamic heterogeneity acting as outcome and driver through an
invasion process of the emerald ash borer and its cascading effects on
the environemnt and human wellbeing. The right hand state of
heterogeneity may act as a driver of other perceptions and interventions,
but these are not shown for the sake of simplicity. Similarly, the processes
and heterogeneities that establish heterogeneous ash distribution in an
urban system are considered as starting boundary conditions (T0) and
are not modeled here
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emphasizes that pattern is itself dynamic and is an active con-
tributor to ecological change.
A nested hierarchy of heterogeneity theory
These three process realms are extraordinarily broad. In order
to put them to work in generating clear explanations and hy-
potheses about dynamic heterogeneity in urban systems, more
specific models and research approaches are required. Seeking
such intermediates is akin to the use of Bmiddle-level
theories^ as recommended in social science research
(Merton 1968; Cadwallader 1988), and the use of hierarchical
theories as employed in the natural sciences (Wu and Loucks
1995; Pickett et al. 2007; Scheiner and Willig 2011). The
general theory for the entire discipline of ecology is supported
by the key principles that organisms are variable, that environ-
ments are heterogeneous and historically contingent, and that
organisms are mortal and are resource-limited. This broad and
comprehensive theory is operationalized by more narrowly
focused, middle-level theories. Such constituent theories are
the familiar chapter headings of ecology textbooks, such as
community assembly, ecosystem processes, life history evo-
lution, negative and positive species interactions, environmen-
tal gradients, and so on (Scheiner and Willig 2011).
Such a theory for urban systems has yet to be sketched, but
we suggest that a hierarchical approach made up of general
theory, constituent or middle-level theories, and specific ex-
planatory or predictive models is applicable to heterogeneity
in urban systems (Fig. 3). The general theory states the
overarcing scope of urban heterogeneity, that is, urban sys-
tems are heterogeneous, and that heterogeneity affects their
ecological structure and function. We use the three process
realms of flux of materials, assembly of biological potential,
and human choice and the built environment as the middle-
level theories. Within each of these realms we present a mech-
anistic spiral of dynamic heterogeneity as an example of the
specific testable or predictive model. As a caveat, in ecology
the lower level specific models are themselves often called
theory, but recognizing the need for complementarity of
models and the fact that models usually contribute to a broader
frameworks is important (Levins 1966).
Although there are many model types that might
operationalize the three process realms, our choices are guided
by 1) the ability to connect with broader disciplinary areas and
2) relevance to long-term urban processes. For the broad area
of flow of materials, represented by water and contaminants,
we employ an urban version of the watershed continuum con-
cept (Groffman et al. 2004; Walsh et al. 2005; Kaushal and
Belt 2012). For the broad area of differential spatial distribu-
t ion and per formance of organisms, we choose
metacommunity theory as the representative translational con-
cept (Swan et al. 2011). Finally, for the human decision mak-
ing arena of theory, we apply locational choice theory that
draws together concepts from economics, geography and ur-
ban planning (Irwin et al. 2009). We acknowledge that other
modeling strategies are possible (e.g., Box 1); however, our
roster is not determined by judgments against the ones not
included but rather by its relevance to evolving urban CSE
systems. We do not focus on such specific approaches as ur-
ban metabolism, the power law approaches to urban predic-
tion, theories of the social production of space, or political
ecology, for example. However, our explanations, specific
models, and relevant data streams do address components of
these other model approaches, and there is necessarily some
mechanistic overlap with the set of theories outside our scope.
To illustrate the theoretical structure of each of these areas,
we outline them using Bif-then^ statements that expose their
conditional structure, which is an important form for biologi-
cal theories (Pickett et al. 2007). If a stated condition or rela-
tionship holds, then a certain outcome is predicted. Such pre-
dictions can be tested in various ways: experiments, modeling,
comparison, and long-term studies (Carpenter 1998). This
structure is common to general theories in the physical and
biological sciences, and it suggests the key hypotheses of
those theories (Gould 1977; Pickett et al. 2007).
The urban engineered watershed: A specific model
for integrating flows
The watershed concept integrates both stream and terrestrial
components of landscapes connected by differential flows of
water above and below ground (Bormann and Likens 1969;
Fisher 1992; Fisher and Welter 2005). The complexity of wa-
tershed patterns and processes is illustrated by the river con-
tinuum concept (Vannote et al. 1980). Originally proposed to
Fig. 2 Four components of urban ecosystems. Spatial heterogeneity is
illustrated by the diamond intersecting with all the potential interactions
among components. This diagram represents the fundamental concept
employed in this paper, that spatial heterogeneity mediates the
interactions among human ecosystem components, and that mediation
will change through time as a result of those interactions. Note that the
arrows illustrate potential interactions between components; research will
determine which specific interactions exist and which ones are strongest
or most dominant at particular spatial and temporal locations and scales
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explain the shifts in the efficiency of energy use by aquatic
organisms along the course of free-flowing rivers from head-
waters to mouth, the river continuum concept links such
drivers as channel width, energy sources from terrestrial ver-
sus aquatic production, and modes of acquisition of resources
by the resident aquatic animals. Moving downstream along an
ideal, forested river continuum, gradients of decreased inputs of
allochthonous organic matter, increased access to sunlight as
the stream widens, continual reduction of organic matter to
smaller particles, and increased depth of the water column are
expected (Fig. 4). If the availability of resources at the base of
the food web shifts, then the modes of resource acquisition by
aquatic animals will result in altered food web structure. The
river continuum has been important in guiding specific models
and tests in streams, some of which do not follow the ideal
assumptions closely. This may be particularly the case for ur-
ban watersheds, due to heterogeneous anthropogenic condi-
tions across space and time along urban engineered watersheds.
Urban engineered watersheds combine biological, physi-
cal, social, and built patterns and processes, making them an
important tool for studying human ecosystems comprising
cities, suburbs, and exurbs. In particular, applying the water-
shed concept to river networks that run through CSE systems
requires its own set of specific assumptions and boundary
conditions (Walsh et al. 2005). For example, the substantial
re-plumbing of watersheds in urban ecosystems introduces
new connections and blurs ecological boundaries between
the terrestrial and riverine zones in the forms of pipes, drain-
age infrastructure, and altered hydrological flow paths (Fig. 4;
Kaushal and Belt 2012). This leads to cascading impacts of
heterogeneity on the water chemistry and ecosystem functions
of urban watersheds across longitudinal, lateral, and vertical
dimensions as well as through time (Kaushal and Belt 2012;
Kaushal et al. 2014a): 1) Longitudinally, there can be signif-
icantly enhanced Bhot spots^ of gross primary production
along the urban watershed continuum up to five times greater
than forest streams due to light availability, which can be
heterogeneous due to patchy riparian cover (Kaushal et al.
2014a). 2) Laterally, downcutting of urban streams due to
the flashy delivery of rainwater from impervious surfaces typ-
ically disconnects the stream from its former floodplain. 3)
Vertically, hydrological connections exist between groundwa-
ter, drinking water supply pipes, storm drains, sanitary sewers,
and surface streams. Longitudinal, lateral, and vertical pat-
terns of disconnection and connection among pathways can
shift biogeochemical functions from sinks to sources of con-
taminants, such as reactive nitrogen, which can impact eutro-
phication in streams and receiving waters (Groffman et al.
2002). Finally, 4) there is evolution in heterogeneity of
ecosystem structure, function, and services of urban wa-
tersheds across the temporal dimension based on response
to degradation, management, and restoration activities
(Kaushal et al. 2014b).
Across both space and time, heterogeneity in the function-
ing of urban stream ecosystems is altered because some
terrestrial-aquatic linkages are enhanced, while others are di-
minished. Hence, we use the new label urban watershed con-
tinuum to acknowledge the importance of heterogeneity
across the space-time continuum. This label is intended to
acknowledge the differences in terrestrial-aquatic linkages in
urban watersheds compared to those for which the river con-
tinuum was initially conceptualized. The urban application
goes beyond the focus on a single, longitudinal spatial
dimension of natural streams, and also must include
engineered hydrologic flowpaths, such as gutters, ditches,
and pipes (Fig. 4b). The urban watershed continuum ex-
emplifies the dynamic nature of heterogeneity as driver
and outcome (Fig. 5).
The urban watershed continuum concept requires a set of
detailed Bif clauses^ appropriate to urban systems. If re-
Fig. 3 A hierarchical structure of
a general theory of urban
heterogeneity, showing two basic
principles about the occurrence
and significance of dynamic
heterogeneity and a domain
statement identifying three realms
of process that exist in urban
ecosystems. Each of these process
realms are middle-level theories,
each of which must be
operationalized through various
specific models of heterogeneity
as driver and outcome
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plumbing in CSE watersheds enhances the hydrologic con-
nections between streams and the urbanized uplands, then
we expect that organic inputs, temperatures, and nutrient pol-
lution will be increased in all orders of streams affected.
Temperature- and pollution-sensitive aquatic organisms will
be disproportionally impacted. If streams of any size are dis-
connected from their former floodplains, then nitrogen remov-
al functions of urban riparian zones will be impaired. Species
composition will also shift with the drying out of stranded
floodplains. We expect that the various interventions, connec-
tions, and effects in urban watersheds can all be spatially and
dynamically heterogeneous.
The metacommunity: A specific model for biotic assembly
and differential performance
The metacommunity concept focuses on the differential dis-
tribution of organisms across heterogeneous space, especially
those in which patches are isolated from one another by in-
hospitable or suboptimal matrix (Leibold 2011; Alexander
et al. 2012). Patch configuration can be crucial in urban
metacommunity dynamics. For example, some analyses find
that patch adjacencies are strongly associated with the diver-
sity and abundance of bees (Hinners et al. 2012) and migrato-
ry birds (Carlson 2006). Because both aquatic and terrestrial
habitats in urban areas are heterogeneous, we expect the
metacommunity approach to apply to both those kinds of eco-
system patches. These additions to metacommunity theory,
which account for human actions and decisions, are needed
to apply metacommunity theory to urban situations (e.g.,
Swan et al. 2011).
The metacommunity approach makes predictions based on
the following logic, in which several if statements identify the
causal factors, and together those factors can result in several
outcomes or then statements: If (1) sites are discrete, (2) sites
are separated by contrasting and less- or un-suitable habitat,
(3) species have differential abilities to disperse across a het-
erogeneous spatial mosaic, and (4) different species are differ-
entially prone to extirpation in different habitat types, then (A)
the local diversity of biotic communities will be determined
Fig. 4 a The original stream
continuum concept for non-urban
streams, with stream order on the
vertical axis, and stream width on
the horizontal axis. b Built and
modified features that must be
added to the concept to apply to
urban areas and which control the
loading, distribution, and
decomposition of organic matter.
Sources A: Stream Corridor
Restoration: Principles,
Processes, and Practices, 10/98,
by the Federal Interagency
Stream Restoration Working
Group (FISRWG); B Courtesy
K.T. Belt
Fig. 5 A spiral of heterogeneity as driver and outcome of urban riparian
disconnection and nitrogen dynamics. Patchiness in flooding has driven
piped stormwater infrastructure in older city areas. This intervention in
the context of high impervious surfaces, led to localized increased stream
power. The driver of stream incision resulted, which as a result of the
downcutting, stranded floodplains. Stranded floodplains drive
heterogeneous hydrologic drought with consequent outcome of patchy
reduction of the capacity of urban riparian zones to retain nitrate. Other
perceptions and interventions occur as regulatory environment changes
through time, and alternative stormwater management strategies are
available. However we do not detail that history or alternatives in this
model
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by their spatial relationship to other patches, (B) the nature of
the intervening mosaic will affect community composition,
and (C) these factors mediate the development of biodiversity
at multiple spatial scales. A layer of complexity is added by
human actions requiring an if statement unique to CSE
systems: If (5) the role of human-mediated dispersal of
species, either as propagules or active adults, predomi-
nates then (D) human mediation can override the effects
of unassisted dispersal and the unmodified rate of local
extinctions of sessile organisms.
In urban ecosystems, community assembly is dominated
by management, with the relative importance of exotic and
native species, spontaneous versus planted species, and selec-
tive pressures associated with urban stressors, including envi-
ronmental pollution, heat island effects, etc., varying across
space. Further, urban biotic communities are highly dynamic
over time as organisms interact and respond to changes in
human activity and management as well as to changing bio-
physical constraints (Hepinstall et al. 2008; Shochat et al.
2010; Nilon 2011). Dynamic heterogeneity is an outcome
and driver of biotic communities (Fig. 6). For example, we
have observed patchiness in land use legacies, such that on
vacant lots, the areas within the boundary of the demolished
structures are differentially colonized or invaded by plant spe-
cies and communities compared to the former yards (Johnson
et al. 2015). These patterns of plant diversity then may influ-
ence human perceptions about vacant lots and alter the sus-
tainability goals and management practices for these lots. This
in turn influences intentional removal or planting strategies.
The combination of land use legacies, plant invasion, human
perception and management lead to heterogeneous distribu-
tions of plant species in the urban landscape (i.e. increased
beta diversity, Fig. 6; Swan et al. 2011).
In other cases, where the assumptions of metacommunity
theory do not apply, local conditions may better explain het-
erogeneity and suggest new model complexity. In such cases,
other specific hypotheses may address the responses to land
cover types present in a mosaic landscape, the relative roles of
the regional versus local species pools, people’s lifestyle con-
trasts that affect biotic diversity and composition, the resources
available for maintenance of plants and animals in different
locations, the differential vagility of various taxa, and so on
(Matteson and Langellotto 2010; LaDeau et al. 2013;
Beauchamp et al. 2015; Johnson et al. 2015; Swan et al.
2016). For example, 94 species of birds were observed at 132
bird sampling points in Baltimore during the breeding season.
The BirdLife International Range Maps suggest that 161 bird
species could live in Baltimore (Aronson et al. 2014). The dif-
ference indicates that heterogeneity in such features as land use
and land cover act as filters for some species during the breeding
season. In other cases, local conditions explain heterogeneity in
bird and mobile insect species (Croci et al. 2008; Matteson and
Langellotto 2010). Metacommunity theory provides a tool for
diagnosing the mechanisms yielding these different associations
between spatial heterogeneity and diversity and abundance of
biota. Urban-specific if statements generate new models.
Locational choice: A specific model for human decisions
and the built environment
Locational choice theory focuses on the differential distribution
of households and firms (Weber 1929; Hoover 1948; Lösch
1954; Isard 1956; Tiebout 1956; Myrdal 1957; Alonso 1964;
Christaller 1966; von Thünen 1966; Krugman 1991) based upon
three fundamental economic forces that influence location: (1)
natural advantages that attract households and firms; (2) econo-
mies of concentration that enhance the productive efficiency of
firms that cluster; and (3) transportation and communication
costs that spatially differentiate markets and their geographical
extent (Edgar and Giarratani 1999). Key extensions of locational
choice theory (Graves 1980; Haurin 1980; Roback 1982) have
demonstrated the importance of amenities and disamenities to
explain the locational choices of households and jobs. These
include urban amenities such as culture (Glaeser et al. 2001;
Florida 2005) and natural amenities such as climate (Cragg and
Kahn 1997) and coastlines (Rappaport and Sachs 2003; Oliva
2006); and disamenities such as crime (Cullen and Levitt 1999).
Locational choice theory can make predictions based upon
Bif-then^ statements: if (1) households make locational
choices to improve their well-being, and (2) households are
Fig. 6 A spiral of metacommunity dynamics as affected by
environmental heterogeneity of unassisted community assembly, as well
as by heterogeneity of facilitation by humans of local communities. The
entire ecological template is spatially heterogeneous and affects the
relationship of species composition in specific patches in relation to
each other and to the regional species pool
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separated by locations providing greater or lesser well-being
(i.e. locations are heterogeneous), then a household’s location
will reflect its optimal combination of preferences for ameni-
ties and disamenities for a given set of constraints, such as
income, that limit that choice. A range of economic, social,
and institutional drivers may influence locational choices
(Alonso 1964; Muth 1969; Harr et al. 1975; Alperovich
1982; Logan and Molotch 1987; Mieszkowski and Mills
1993; Cho 2001; Bayoh et al. 2006).
How do the choices people make about where they live and
how they use and manage their land reciprocally interact with
dynamic heterogeneous ecological conditions? The decisions
people make appear at multiple scales and can influence eco-
logical features of an urban region, and these ecological con-
ditions in turn feed back to influence households, neighbor-
hoods, municipalities, and governance networks. Ecological
conditions can be perceived as amenities or disamenities that
influence locational, land use or land management choices.
While some ecosystem structures and functions may influence
individual locational and management choices directly, many
other feedbacks involve higher levels such as governance net-
works, zoning, and regulations to protect habitats and ecosys-
tem functions.
Research on the long-term dynamics of locational choice
has included the role of residential segregation in the produc-
tion of urban heterogeneity and patterns of environmental
inequalities. Lord and Norquist (2010) documented procedur-
al mechanisms and patterns of racial bias in zoning decisions
in Baltimore since the 1930s, particularly the long-term lega-
cies of Bredlining^ of African-American communities,
limitating the avialability of mortgages there. Additional his-
torical research on restrictive deed covenants and neighbor-
hood improvement associations show that racial discrimina-
tion continued long after the redlining maps were in force
(Boone 2013). Other environmental inequalities such as those
associated with the uneven distribution of parks (Boone et al.
2009), current distributions of urban heat islands (Huang et al.
2011), tree canopy cover, and vacant lots (Grove et al. 2015)
are closely aligned with neighborhoods that were redlined
during the 1930s. We hypothesize that these long-term pat-
terns create persistent legacies that constrain current and future
locational and land choices in several ways. First, residents’
long-term experiencewith disinvestment and absence of green
amenities may influence their sense of place, and constrain
their vision of a greener, more sustainable environment.
Second, past experiences with disinvestment, failed govern-
ment programs, and inability to maintain current green invest-
ments may cause residents to eschew new greening programs.
Third, concerns over gentrification and displacement may lead
residents to be reluctant to support greening and sustainability
initiatives that may affect neighborhood desirability and prop-
erty values and therefore may cause them to be displaced by
gentrification. Further, certain Bgreen investments^ may in
fact serve as disamenities in certain contexts in the absence
of active stewardship and management. For instance, it has
been found that in Baltimore that property values are nega-
tively affected by proximity to parks when those parks are
characterized by high crime, while in low crime areas the
opposite is true (Troy and Grove 2008). While the procedural
mechanisms for these racial biases have decreased over time
(Lord and Norquist 2010), attempts to remedy these condi-
tions are hindered by legacies of the city, making social eco-
logical redevelopment, and the adoption of sustainability prac-
tices more difficult in neighborhoods of disinvestment (Fig. 7;
Battaglia et al. 2014).
Integrating the three middle level theories: Flow,
biotic potential, and human choice
The three realms and their middle-level theory should not be
treated as disconnected models and empirical pursuits. As
important as each of the three conceptual areas are in orienting
long-term data collection and in motivating hypotheses, they
are equally important as stimuli for integration. Urban ecology
is continually challenged to integrate over spatial scales, over
temporal scales, and across the many disciplines that are con-
cerned with the structure, functioning, and shaping of urban
systems (Pickett et al. 2001; Grimm and Redman 2004;
Alberti 2008; Hahs et al. 2009). The three middle-level theo-
ries focusing on flux, biotic assembly and potential, and hu-
man choices, help integration by narrowing the universe over
which integration must be accomplished. Integration among
the middle-level theories is accomplished by specific models
that identify types and magnitudes of connections. In essence,
integration can focus on how each of the major process areas
relates to the other two and what feedbacks exist among them.
How does the nature of locational choices explain community
assembly and biodiversity patterns in the metacommunity;
how does it help us understand urban watershed structure?
Likewise, how do watershed processes and patterns explain
patterns in locational choices and metacommunity structure?
Finally, how does the structure and change in the
metacommunity mediate the structure and function of the wa-
tershed and people’s locational choices? The feedbacks em-
bedded in this set of questions are particularly important for
ferreting out the integrative interactions that occur in the urban
social-ecological system.
We emphasize three general protocols for facilitating quan-
titative synthesis that includes urban long-term data. These
protocols are not mutually exclusive; each meets a specific
analytical goal.
1. If a process is well-understood, then mechanistic or sim-
ulation models can be important tools for generating hy-
potheses about what types of environmental influences
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drive deviations from predicted outcomes and for evalu-
ating how processes will be affected by changes in com-
mon urban variables such as land cover, management, and
climate.
2. When there is uncertainty about the relative importance of
predictive variables or process structure, then it is impor-
tant to let the data drive understanding through statistical
models. In such cases, hierarchically structured state-
space models can be employed. A hierarchical or multi-
level model structure defines how information is shared
across sampling units and processes, allowing researchers
to accommodate important differences (e.g., among
groups, individuals, or regions) while still allowing for
shared characteristics (e.g., Clark and Bjornstad 2004;
Clark et al. 2005). Bayesian or likelihood-based analysis
(LaDeau and Clark 2006; Luo et al. 2011), or state-space
formulations for understanding a process or state that is
not directly observed can be used.
3. When the goal is to understand how ecological processes
will be affected by some real or hypothetical scenario,
e.g., change in land cover, management, climate, and
uncertainty in process or data are a concern, then research
can employ Bayesian Networks to evaluate likely out-
comes (Fig. 8). Bayesian Network models are important
tools in decision science and have gained attention as
important tools for probabilistic evaluation of manage-
ment outcomes in ecological systems (McCann et al.
2006; Leigh et al. 2011; Maxwell et al. 2015).
Conclusion: Back to inclusive, general theory
The theory of urban heterogeneity is a nested hierarchical con-
ceptual structure that puts the following general principle into
practice – urban systems are organized as spatially differentiated,
functionally significant mosaics (Fig. 3). Specifically, it first as-
sumes that urban systems are preeminently heterogeneous.
Second, it assumes that there are different layers of heterogeneity,
representing both biophysical and social features. Third, the
layers of heterogeneity are assumed to interact at various scales.
Fourth, the interactions of different layers of heterogeneity
Fig. 8 A representation of the
variables that can be related and
analyzed by the various statistical
approaces focusing on networks
of interaction. Scales of analysis
are shown by the three grey boxes
labeled growing season,
watershed, and year
Fig. 7 A spiral of social-ecological interactions affected by legacies of
racial segregation in housing markets. Differential investments in
neighborhoods and resulting distributions of environmental amenities
and disamenities influence social-ecological redevelopment through
targeted sustainability projects
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generate new heterogeneities. This leads to a fifth statement, the
general prediction that heterogeneity can act as both driver and
outcome in urban systems. Finally, this train of logic and empir-
ical predictions is significant because heterogeneity is hypothe-
sized to affect ecosystem functioning. This sixth proposition is
consonant with a test of general theory of ecology with its core
focus of the role of spatial and heterogeneity and its temporal
changes. A novel hypothesis especially relevant to urban systems
now emerges: dynamic heterogeneity is amplified by the inten-
sity and speed of human-biophysical feedbacks in urban systems.
The general principle of the inclusive theory we have
adopted can be tested, operationalized, and explained by three
main sorts of process: the flow of materials, the differential
distribution and performance of the biota that are key elements
in ecosystem processes, and the choices that people, represent-
ed by individuals, households, organizations, and many other
kinds of institutions, make about where to locate and what
activities to conduct in specific places.
Each of these three constituent middle-level theories of urban
heterogeneity is itself still a large topic. As in any theory, more
specific models and research approaches are required to further
translate the broad concepts and principles into operational
models and specific hypotheses. We have explored a dynamic
heterogeneity spiral as a tool to represent the interaction of differ-
ent kinds of heterogeneity and urban processes and events. The
spiral of dynamic heterogeneity can be considered a template to
guide development of specific models of the structure, change,
and importance of urban heterogeneity as driver and outcome.
Our conceptual hierarchy is capped by an inclusive theory of
urban spatial heterogeneity (Fig. 3). The theoretical framework
has a second level that explores three broad subtheories, which
are derived from the components of the human ecosystem. These
subtheories supply mechanisms for the general theory, and they
require still more detailed specific models and hypotheses to mo-
tivate data collection, empirical evaluations, and statistical tests.
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